Oxide cathodes prepared on a Si-Ni alloy base metal have at the interface barium orthosilicate. The thickness of this layer is measured by means of an x-ray method and found to increase with the life of the cathode and to be of the order of 10 -3 cm. Measurements of the effective, specific electrical conductivity were made and compared with the conductivity of the coating, (BaSr)O. Both materials exhibit a conductivity-temperature variation characteristic of semi-conductors; however, the conductivity of the interface was always less than that of the coating. The interface layer influences the thermionic emission characteristics of the cathode because of an interface voltage developed by the flow of emission current. A retarding-potential method is developed for determining this voltage. 4
SOME PROPERTIES OF THE Ba 2 SiO 4 OXIDE CATHODE INTERFACE Introduction
The oxide cathode interface lying between the base metal and the oxide coating is now regarded as an important cathode parameter although the specific influence of the interface on thermionic emission is not completely clear. Undoubtedly the type of interface and the conditions under which emission is taken allow the role of the interface to change. The interface region may arise from one of several physical conditions; yet all types are expected to have somewhat similar electronic properties. If the oxide coating is considered to be an impurity semiconductor, the absence of activation centers in the coating immediately adjacent to the base metal may act as a blocking layer I to the normal flow of electrons. Poor mechanical bonding 2 of the coating to the base metal gives rise to a thin vacuum layer between the two and may also behave as a blocking layer. Solid-state chemical reactions between the oxide coating and constituents of the base metal frequently give rise to interface compounds whose electrical properties differ from those of the coating. If the conductivity of this interface material is very low, it may act as a blocking layer. These interface forms behave as a series element to the normal flow of electrons from the base metal to the coating; accordingly, a voltage drop 3 should appear across the interface region when a thermionic emission current is taken from the cathode. In this discussion
we shall be concerned with the properties of only those interface layers which differ in chemical constitution from the oxide coating and are thus easily detected.
Chemical, spectroscopic, and x-ray diffraction analyses have been used to identify interface compounds, the latter technique giving the most useful information. Rooksby reports 4 ' 5 finding barium aluminate BaA120 4 at the interface of cathodes prepared on a 2 per cent Al-Ni alloy base metal. Later studies led to the report6 of barium orthosilicate Ba 2 TiO 4 on a 0.23 per cent Ti-Ni alloy base. MgO was identified 7 in the interface region of cathodes prepared on a Mg-Ni alloy base. Fineman and Eisenstein 8 studied interfaces formed on Cr-Ni alloys and chromium-plated nickel. Three possible interface compounds were reported, only one of which was stable in air. Although this compound exhibited a closely packed hexagonal structure, none of these interface compounds was chemically identified. X-ray diffraction patterns from the interface region of cathodes prepared on a pure nickel base material show only very weak diffraction lines; hence it seems unlikely that interface compounds are present in this type of cathode.
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From this group of interface compounds, barium orthosilicate was selected for a detailed study, since (1) it was chemically stable and easy to synthesize, and (2) it was known to influence the thermionic emission properties of the cathode. A complete study of the influence of the interface layer on the electronic properties of the cathode must include information on the effective electrical conductivity of the interface compound and values of the effective thickness of the interface layer as well as thermionic emission data.
Interface Formation
The When a pure SrO coating is used, a strontium orthosilicate Sr 2 Si0 4 interface is formed. The presence of either of these compounds is easily verified by removing the oxide coating and taking x-ray diffraction patterns of the underlying material. O'Daniel and Tscheischwili report 9 the structure of the orthosilicates as being similar to that of K 2 S0 4 with 16 the space group D 2 h . Ba2Si0 4 has lattice constants a 5.7, b = 10.1, and c = 7.5 angstroms. Solid solutions of (BaSr) 2 Si0 4 are known to occur, although these are not found at the oxide cathode interface.
When the coating is removed from the cathode, the presence of in the subsequent determination of the actual interface thickness if its density is that of the crystalline solid. X-ray diffraction patterns were taken of the synthetic interface samples with the technique previously described. 8 The sample was rotated continuously during the x-ray exposure to minimize the preferred orientation diffraction spots arising from the large crystal size of the underlying nickel. This technique is essential if accurate measurements of the diffraction line intensity are to be made. 
Thermionic Emission Properties
The effect of adding reducifg impurities to the base metal of an oxide cathode has been examined and discussed by several investigators. + All of the cathode base materials were kindly supplied by E. M. Wise of the International Nickel Co. The pure nickel was prepared electrolytically and contained no added impurities.
-10-and fluctuations occur in the emission of a single cathode with life. NJevertheless, the sparking current densities of the alloy base cathodes are considerably less than are those of the pure nickel base cathodes. Furthermore, the emission values for the two types of alloy base are nearly the same and show a more rapid decline with increasing cathode life than is found for the pure nickel base. This rapid reduction in the sparking current density may well be due to a change in the interface conductivity or thickness.
No evidence was found for a decay of emission during the pulse although many of the cathodes were tested with both one and ten microsecond pulses. This result is contrary to the results reported by Sproull22 who found a marked emission decay in the microsecond range for cathodes at 1100°E.
Conductivity
If the oxide cathode interface gives rise to the progressive deviation type of emission characteristic and controls the sparking current density through the development of a high interface voltage, one would expect the electrical conductivity of the interface material to be somewhat less than that of the coating. Numerous experiments 2 3 have been conducted to evaluate the electrical conductivity of the oxide coating and its temperature variation. Many of these pertain to an unknown state of cathode activity or to bulk samples of the oxides; hence, measurements of the oxide coating conductivity as well as the conductivity of Ba 2 S10 4 seemed desirable.
Measurements of the conductivity of these materials were made in tubes of the type shown in Fig. 9 . (BaSr)C0 3 or synthetically prepared Ba 2 Si0 4 in a suitable organic binder were sprayed on the surface of a MgO ceramic rod.+ Half of the desired coating weight was applied and four platinum strips 0.001 in. thick and 2 mm wide were clamped around the sprayed ceramic with the center strips separated by about 15 mm. The remainder of the coating was applied, the platinum bands being left imbedded in the coating.
An internal tungsten heater was passed through two axial holes in the ceramic rod. This assembly in cross section is shown in the upper right of Fig. 9 . The ample was mounted at the center of a tantalum can which completely surrounded the rod except for two small viewing holes in the side and a slit in the top through which passed the electrical leads. A radio-frequency induction coil surrounded the tube and was used to heat the can which acted as uniform temperature Ufurnace" for the sample. The temperature of the can could be made uniform to within 50°C by suitably spacing the turns of the coil. As a check on the temperature, a 0.002-in. tungsten wire was welded to -. 1-+ The high purity MgO rods were supplied by A. H. White of the Bell Telephone Lboratories and are a type which were developed for their conductivity studies of oxide coatings. The rod was thoroughly outgassed in vacuum at 1300 0 K before the coating was applied.
probe lead number 2. The temperature recorded with this thermocouple was found to be in disagreement by a maximum of 2000C with the assumed blackbody radiation temperature as observed through the side holes with an optical pyrometer. A water bath surrounding the thermocouple press of the tube served as the cold thermocouple unction, (see Fig. 9 ). For heat treatment in gases, the sample was heated by means of the internal tungsten heater, leads 1 and 4. Conductivity measurements were made by passing a current between probes 5 and 7 and measuring the potential developed between probes 2 and 3 with a potentiometer circuit. The effective specific conductivity of the material between probes 2 and 3 could be evaluated from the equation 
The similarity between this and the theoretical expression 24 for the temperature dependence of conductivity for semi-conductors is easily recognized: A retarding-potential method has been devised to measure the total interface and coating potential drop. Although this method does not yield directly values of the respective conductivities, these may be estimated from previous results obtained with other techniques. For temperatures below 110000°C, Mutter's 28 double-probe data indicate that the coating conductivity is probably negligible compared with the interface (barium orthosilicate) conductivity. This is confirmed in a comparison of the coating and interface specific conductivities, Fig. 11 . The retarding potential method is not limited in its application and may be used at low temperatures as well as in the sparking region.
Electrons emitted with thermal energies from the surface of the cathode in Fig. 12c will arrive at the anode with an energy corresponding to -19-(Va-Vi ). These electrons are allowed to pass through a small hole in the anode and their energy is measured by observing the retarding potential which must be applied to a collector placed behind the anode to ust stop the electrons. The difference between this measured voltage and the applied anode-cathode voltage is then Vic.
Retarding potential tubes of the type shown in Fig. 13a were used.
Flat, indirectly heated cathodes+ having an area of 0.5 cm 2 were vacuumfired at 1225 K before application of the oxide coating. A 5 per cent 8i-Ni base metal was used and after vacuum-firing was coated with (BaSr)C0 3 , (051-2), to a weight of 10 mg/cm 2 . The cathode, mounted with the emitting surface facing downward, was supported from the press of the tube on insulating glass beads. The heater and cathode leads, 1 and 2, emerged from a twolead press at the base. A .002-in.molybdenum-nickel thermocouple, attached to the base metal, was taken from the tube on leads 7 and 8. In operation this press acted as the cold unction of the thermocouple and was immersed in a water bath. The anode and collector were each supported on glass beads from the central press and connecting leads taken from the tube on presses 3 and 6, respectively. Tantalum was used in the anode and collector con. The pulse circuit used in making retarding potential measurements on these tubes may be seen in Fig. 13b . A negative, one-microsecond ++pulse was applied across resistor H 2 on which taps allowed a definite fraction of the pulse voltage to be viewed and measured on a Model 4 Synchroscope. The flow of a current pulse to the anode (3) gave rise to a potential drop across the viewing resistor R. This voltage was likewise measured on the synchroscope. Negative d-c retarding potentials Vc were applied to the collector (6) through a galvanometer of sensitivity 10 1 0 amp/mm. Condensers 01 and C2, each 0.1 mfd, provided an integrating circuit allowing the average pulsed, collector current to be read on the galvanometer. Support leads 4 and 5 were connected in the circuit as shown to minimize leakage across the glass support leads. Resistor R 1 was shorted out when retarding-potential measurements were taken. The procedure for evaluating the coating and interface drop Vie is as follows. The cathode temperature and applied anode voltage Va were adjusted to provide operation at a given point on the voltage-current characteristic plot. As the d-c collector potential was made negative with respect to the anode, the collector current was measured. This variation of collector current with voltage comprised the retarding potential curve and is shown in Fig. 14 . The shape of this curve is closely related to the shape of the voltage pulse applied to the tube. Two pulse shapes were used and are sketched in the lower right: A is the normal l-psec negative voltage pulse and B is a modified pulse, formed by placing a small condenser across the output of the pulse modulator. As the potential of the collector becomes equal to, or more negative than, the potential of the emitting oxide surface, the collector current decreases rapidly. A plot of the logarithm of the collector current vs. collector voltage does not yield a linear curve of slope e/kT as it should in a simple diode retarding-potential -21- test this hypothesis, retarding-potential curves were taken with l-sec and 10-psec pulses under conditions which were otherwise identical. If the tail were due to high-energy electrons emitted at the beginning of the pulse, the ratio of the tail to the total collector current should vary as the pulse length is changed. Figure 17 shows the results of this test. The 10-Lsec curve is plotted on a 1/10 scale and shows reasonable agreement with the l-osec curve in the regions of both the tail and the total collector current.
Any change in the ratio of these currents is much less than ten to one as cracks and crevices in the coating resulting from a decrease in density upon conversion from the carbonate to the oxide. This is true particularly for coating weights as heavy as those used in these tubes. When the cathode is heated to operating temperature, these cracks in the coating are easily visible. Cathodes prone to frequent sparking acquire pits in the coating which in some cases extend through the coating and interface. From Fig. 14 the ratios of tail current near V and near the cut-off to the total collector current are about 1:1000 and 1:10, respectively. It seems reasonable to expect that 1/1000 of the coating area consists of cracks extending to the base metal and that 1/10 of the area is deeply pitted. , although a slight deviation from the true space-charge line due to a small interface and coating voltage may be undetected in these measurements. When the tube is operated in the region of sparking, measurements of Vic should yield information regarding the effect of the interface on this phenomena particularly when the coating voltage is negligible.
A comparison of points 1, 5, and 9 of Fig. 15 shows that sparking
does not occur at a fixed value of Vic as the temperature is changed. Fig. 5b and The three sparking points in Fig. 15 cover too small a temperature range to justify curve fitting; however, a computation of iVic yields values between 2200 and 4200 watts/cm 2. This correlation would seem to favor a sparking mechanism based on heat energy dissipation within the cathode. Since most of the cathode resistivity is located in the interface region of thickness 10-3cm, a considerable local temperature rise is expected. The above correlation (in Fig. 7) is based on the assumption that deviations from the space-charge line represent only values of Vic. Points 9, 10, and 11, Fig. 15c , show that this assumption may lead to erroneous conclusions. Similarly, the agreement in Fig. 7a 
